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ABSTRACT PURPOSE: Autosomal Dominant Optic Atrophy (ADOA) is a genetically heterogenous disease, however a large proportion is accounted for by mutations in OPA1. The aim of this longitudinal study was to investigate disease progression in Australian ADOA patients with confirmed OPA1 mutations.
METHODS: Probands with characteristic clinical findings of ADOA were screened for OPA1 mutations, and relatives of identified mutation carriers were invited to participate. Disease progression was determined by sequential examination or using historical records over a mean of 9.6 years (range 1-42 years).
RESULTS: 158 OPA1 mutation carriers were identified in 11 ADOA pedigrees. 69 mutation carriers were available for longitudinal follow up. Using the right eye as the default, best-corrected visual acuity (BCVAR) remained unchanged (defined as visual acuity at or within one line of original measurement) in 43 patients (62%). BCVAR worsened by 2 lines in 13 patients (19%). BCVAR deteriorated in by more than 2 lines in 6 patients (9%). 10% of patients had an improvement in visual acuity. Mean time to follow-up was 9.6 years with the mean visual acuity being 6/18 for both the initial and subsequent measurements. There was no statistical significance in the rate of BCVAR loss across different OPA1 mutations (P = 0.55).
CONCLUSION: OPA1-related ADOA generally progresses slowly and functional visual acuity is usually maintained. Longitudinal disease studies are important for allowing appropriate counselling of patients and this study allows for the better understanding of the natural history of ADOA. 
INTRODUCTION
Autosomal Dominant Optic Atrophy (ADOA)(MIM #165500) is characterised by bilateral visual loss, centrocecal or paracentral scotomas, tritanopia or generalised colour dyschromatopsia and optic disc pallor with or without pseudo-cupping. [1] [2] [3] [4] Visual loss generally commences during the first decade of life and is usually progressive. There is a large degree of inter and intra-familial phenotypic heterogeneity, making the accurate counselling of patients on likely disease severity difficult. [5, 6] The original descriptions, ADOA suggested full penetrance, however the identification of mutations in the OPA1 gene have allowed for more accurate phenotypic evaluation. [2, [7] [8] [9] [10] Reports quantifying disease progression serve as a useful resource for clinicians counselling patients. However, the rate of progression and final visual outcome of ADOA is difficult to predict and there are few studies addressing this specifically. [2, 8, 11] The purpose of this longitudinal study was to determine the severity and rate of disease progression in Australian ADOA patients with an OPA1 mutation.
MATERIALS AND METHODS

Subject Recruitment
ADOA patients were recruited from South-eastern Australian. This study conformed to the tenets of the Helsinki Declaration and informed consent was obtained from all participants or their respective guardians when aged less than 18 years. Only participants confirmed with ADOA and had no other ocular pathology were recruited for this study.
Mutation Screening
Buccal swab or venipuncture specimens were obtained and DNA was extracted using either the Puragene (Gentra Systems, Minneapolis, USA) or Amersham Biosciences Nucleon BACC (Little Chalfont, United Kingdom) kits, respectively. OPA1 mutations were identified using single-strand conformational polymorphism and heteroduplex analysis (SSCP/HA) and then directly sequencing as previously described. [10] Clinical Examination Participants were examined using Snellen acuity charts or logMAR charts for best-corrected visual acuity (BCVA). Where the measurement was recorded in Snellen acuity, the reading was then converted to the logMAR equivalent for analysis. Farnsworth-Munsell 100 Hue test was used to test colour vision and visual fields were assessed with Humphrey 24-2 SITA™ automated perimetry (Humphrey Field Analyser II, Zeiss-Humphrey, Dublin, California, USA). Stereoscopic optic disc photography was performed with a Nidek Stereo Fundus 3-Dx/F (Nidek, Gamagori, Japan) camera. Analysis of the optic cup area, vertical cup-to-disc ratio and neuro-retinal rim area was performed stereoscopically using custom software (StereoDx) with a Z-screen (StereoGraphics Corporation, Beverly Hills, California, USA). [12, 13] The technical details of this system have been described elsewhere. [12 ,13] Longitudinal follow-up data were obtained from previous ophthalmic records or by direct clinical evaluation as part of this study. BCVA in the right eye (BCVAR) was used as the predominate outcome measure for disease progression. The Kruskal-Wallis test was used to compare the rate of change in BCVAR between pedigrees. The total number of subjects who remained at the same BCVAR level was compared using the χ 2 test to that who had deteriorated and those who had improved.
Patients were categorised into the following groups: (1) no evidence of progression (defined as BCVAR either unchanged or within one logMAR visual acuity line); (2) loss of two logMAR equivalent lines in the right eye; (3) loss of more than two logMAR equivalent lines in the right eye; (4) improvement in BCVAR by two or more logMAR visual acuity lines.
RESULTS
Of the 158 mutations carriers identified, longitudinal data were available for 69 subjects who at the most recent examination had a mean ± SD age of 41.9 ±19.4 years (range 7 -82 years)( Table 1 ). The mean ± SD duration of followup was 9.6 ± 7.9 years (range 1 -42 years). Two (2.9%) subjects had followup of just one year. Eleven mutation carriers, with a mean BCVAR of 6/5.7 at the time of most recent measurement, reported being "asymptomatic" and therefore were unable to provide an accurate age of onset for reduced vision. Of the 58 (84%) patients who were symptomatic, the mean age of onset of vision impairment was 10.2 ± 10.1 years (median 7 years). Across the whole study sample there was no statistical difference between initial BCVAR (mean 6/18; median 6/24; range 6/4.8 -HM) and BCVAR at follow-up (mean 6/18; median: 6/36, range 6/4 -HM). Analysing the right eye only, BCVAR remained unchanged in 43 patients (62%) ( Table 2) . Vision worsened by 2 logMAR lines in both eyes in 13 subjects (19%) and by more than 2 lines in 6 subjects (9%). Vision improved in 7 patients (10%) (Figure 1 ). We separated study participants into those aged 40 years or less (n = 35) and those over the age of 40 years (n = 34). Patients in the younger cohort had a mean age of 26.1 years and BCVAR of 6/12.9. Those in the older group had a mean age of 59.4 years and BCVAR of 6/23.3. There were significantly more people with a BCVA worse than 6/24 who were aged greater than 30 years compared to those aged less than 30 years (p<0.001).
There were 32 patients for whom serial optic disc photographs were available for comparison (Figure 2 ). The mean duration of follow-up subjects with for optic disc photography was 6.7 years, and no quantitative change in neuroretinal rim loss was identified (data not shown).
DISCUSSION
ADOA has been reported to manifest during childhood, often as early as three to five years of age, as an insidious, mostly symmetrical, progressive loss of vision. The severity of visual loss is highly variable. [2, 8, 11] Over a ten year period we found that approximately one third of patients had deterioration in BCVA. However, 62% of patients had no change in visual acuity in at least one eye.
The range in final BCVA observed in this study, is consistent with other studies which have reported that some ADOA patients maintain adequate vision to meet driving standards (defined as visual acuity of 6/12 or better) throughout their lifetime, while others are classified as legally blind (visual [1] revealed a range of visual acuities from 6/6 -6/7.5 to 6/120. In addition, the intergenerational disease expression varies greatly, and it is impossible to predict disease severity on the basis of other family members. [1, 6] The insidious onset of disease is well established, and in the initial reviews of ADOA families, most patients were unaware of reduction in vision prior to commencement of schooling or formal visual assessment, and therefore report the age of onset usually between four and six years of age. Moreover, up to a quarter of patients may be unaware of subtle visual disturbance at the time of diagnosis despite being cognisant of the familial nature of the disease. [4] In addition, in their review of the clinical features of ADOA, Johnston et al. reported that only 58% of genetically confirmed ADOA subjects in their study reported visual impairment before 11 years of age. [2] In our cohort, 84% of people were symptomatic and had a mean age of onset of visual deterioration at 10.2 years. They also described affected individuals who reported visual impairment beginning as late as 60 years of age.
ADOA patients generally exhibit a gradual progression of visual loss, with most but not all experiencing visual deterioration with increasing age. [2, 6 ,8, 14] Unlike the clinical course of other inherited optic atrophies such as Leber's Hereditary Optic Neuropathy (LHON), it is very rare to have rapid visual deterioration in ADOA. Longitudinal [3] and cross-sectional studies [11] have shown disease progression with advancing age in most families. Long term follow-up (mean: 10 years) by Kjer showed that visual loss progressed in approximately 50% of his study cohort, however there was no disease severity quantification. Older patients overall had worse visual acuity that younger patients. [3, 8] This was also demonstrated in this study with our younger patients having a mean BCVAR of 6/12.9 and the older cohort with BCVAR of 6/23.3. Eliott et al. studied 20 ADOA patients to quantify the rate and severity of visual loss with time. [14] With a mean age at follow-up of 36 years (range: 9 -72 years), Eliott and colleagues reported that the median visual acuity in ADOA patients decreased from 6/18 to 6/24 over a mean review period of 16 years (range: 5 -40 years). They concluded that overall visual prognosis is relatively good in ADOA and that early diagnosis and appropriate counselling could minimise perceived visual disability. [14] A significant limitation in any study requiring patients to nominate the age of onset of visual loss is recall reliability. Often previously undiagnosed mutation carriers would have their visual acuity assessed at school entry and the disease "discovered". This can lead to biases not only in recall but the true age of onset of visual loss.
Several studies have investigated test-retest variability in study subjects and the use of different visual acuity charts in the clinical setting. [15] [16] [17] Variance of less than one line improvement or deterioration on Snellen vision charts is interpreted as an acceptable level of "noise" especially in patients with ocular pathology. In our retrospective study, different testing centre and charts were used each time, thus reducing the ability to standardise the results. Although all testing would ideally be completed using standardised assessment charts under identical testing conditions, the merging of such data has been recognised as an acceptable method for ensuring comparable units for analyses. [18] [19] [20] In addition to test retest noise, there is often an apparent improvement in vision in normal children as they get older and are able to conduct the visual acuity test with more confidence. [21] However, it is also possible that there may be a true recovery of vision in some ADOA patients as is observed in LHON. [22] Unlike the documentation of visual acuity, optic disc photography is a recent addition to ophthalmic practice. Therefore, due to the short interval between serial photographs there was minimal discernable difference in most of the patients' disc appearances. This is in keeping with the slowly progressive nature of ADOA. With ongoing serial photography now part of routine ophthalmological practice we will be better able to document individual's optic disc changes.
In conclusion, our study identified a similar rate of visual loss in ADOA pedigrees compared to other longitudinal follow-up work. Interestingly the initial overall visual acuity was almost identical to the follow up mean visual acuity. As typified by a slowly progressive disease, visual acuity in approximately half the cohort remained unchanged. Clinicians can reassure prospective parents and patients that OPA1 mutation carriers often maintain reasonable, functionally useful vision late into their disease. mutations. An asymptomatic carrier (Vic1-36) aged 39 with a BCVA of 6/6 (1a) and at age 43 with the same BCVA (1b); a mildly affected OPA1 mutation carrier (NSW1-51) at the age of 20 years with a BCVA of 6/9 (2a) and at the age of 29 years with a BCVA of 6/15 (2b); a moderately affected carrier (NSW1-18) at the age of 35 years with a BCVA of 6/18 (3a) and aged 41 years with a BCVA of 6/36 (3b); a severely affected carrier (Tas4-28) with a BCVA of 6/36 at the age of 29 (4a) and aged 34 years with a BCVA of 6/60 (4b).
